visually obvious or subtle (i.e. only visible after careful windowing)) and quantitatively (using relative signal intensity (RSI)). The association of FLAIR hyperintensity with hemorrhage was then tested alongside established predictors (very low cerebral blood volume (VLCBV) and diffusion (DWI) lesion volume) in logistic regression analysis. Results: There were 49 patients with pre-treatment FLAIR imaging (38 received tissue plasminogen activator (tPA), 5 developed PH). FLAIR hyperintensity within the region of acute DWI lesion occurred in 48/49 (98%) patients, was obvious in 18/49 (37%) and subtle in 30/49 (61%). Inter-rater agreement was 92% ( = 0.82). The prevalence of obvious FLAIR hyperintensity did not differ between studies obtained in the 3-4.5 h and 4.5-6 h time periods (40% vs. 33%, p = 0.77). PH was poorly predicted by obvious FLAIR hyperintensity (sensitivity 40%, specificity 64%, positive predictive value 11%). In univariate logistic regression, VLCBV (p = 0.02) and DWI lesion volume (p = 0.03) predicted PH but FLAIR lesion volume (p = 0.87)
Introduction
The use of hyperintensity on T2 fluid-attenuated inversion recovery (FLAIR) imaging as a way to select patients for stroke thrombolysis is controversial. The presence or absence of a FLAIR lesion in the region of the acute DWI lesion has been proposed as a potential 'tissue clock' to guide thrombolytic therapy when the time of onset is uncertain [1] [2] [3] . The finding of a visible diffusion lesion in the absence of corresponding FLAIR hyperintensity has been suggested to represent a recent onset, potentially treatable, stroke in patients where the time of symptom onset is uncertain. This clinical scenario is common as patients with wake-up and unknown onset time comprise approximately 20% of stroke presentations and poses a therapeutic dilemma [3] [4] [5] . However, there is doubt about the sensitivity of this approach as the prevalence of FLAIR hyperintensity increases rapidly over time and is often seen in patients within the 4.5-h stroke thrombolysis treatment window [6] . In addition, FLAIR hyperintensity may represent a risk factor for poor response to thrombolysis. A higher risk of hemorrhage has been reported in patients with baseline FLAIR hyperintensity [7] , possibly reflecting altered blood brain barrier permeability. We therefore aimed to examine the prevalence of FLAIR hyperintensity in the pooled EPITHET-DEFUSE trials and its relationship to parenchymal hematoma (PH).
Methods
EPITHET and DEFUSE were prospective, multicenter trials of thrombolysis in acute ischemic stroke patients 3-6 h after symptom onset. Details of the methods have been reported previously [8, 9] . In brief, EPITHET patients were randomized to IV tissue plasminogen activator (tPA) or placebo whereas all patients in DEFUSE received tPA. Patients had MRI performed before treatment and subsequently to assess for hemorrhagic transformation (HT). In both studies treatment was given without reference to MRI results. The studies were approved by institutional review boards at all centers and informed consent was obtained.
FLAIR imaging was not a mandatory sequence in either study protocol. All available pre-treatment FLAIR images were visually reviewed for the presence of hyperintensity within the infarct by two independent raters. Raters referred to DWI whilst assessing FLAIR abnormalities to maximize sensitivity as described previously [1] . When present, the degree of FLAIR hyperintensity was rated as either visually 'obvious' or 'subtle' (i.e. only visible after careful windowing; fig. 1 ) as previously described [6] . Inter-rater agreement was assessed using kappa scores. FLAIR hyperintensity was quantitatively assessed using relative signal intensity (RSI). To calculate RSI, the acute FLAIR image was co-registered to the acute DWI image and the DWI lesion outline and its contralateral mirror region were overlaid on the FLAIR. Portions of these regions of interest (ROIs) that did not overly brain (for example sulci) were removed using a cerebrospinal fluid threshold and established leukoaraiosis was manually removed from the ROIs. The ratio of mean signal intensity in the two ROIs (the RSI) was calculated.
HT on MRI or CT was classified using ECASS criteria (hemorrhagic infarction (HI1 and HI2) or PH (PH1 and PH2)) by con- sensus of 3 stroke neurologists. Symptomatic HT (sICH) was defined using SITS-MOST criteria [10] . Very low cerebral blood volume (VLCBV) was calculated as previously described [11] using a definition of CBV ! 2.5th percentile of normal contralateral brain. The association of FLAIR hyperintensity with PH was tested in univariate and backwards stepwise multivariate binary logistic regression with age and baseline NIHSS. The association of FLAIR hyperintensity with HT graded as none, HI or PH was also tested in univariate and backwards stepwise multivariate ordinal logistic regression adjusted for age and baseline NIHSS. The same analysis procedures were performed with the established predictors VLCBV and DWI lesion volume [11, 12] . Statistical analysis was performed using Minitab (v16, Minitab Inc., Pennsylvania, USA).
Results
Fifty-five of 175 patients enrolled in EPITHET and DEFUSE had acute FLAIR imaging, as this was not a standard sequence in many centers. After excluding three patients with no DWI lesion, two with severe motion degradation and one with confluent leukoaraiosis throughout the infarct region, 49 patients were analyzed. Thirtyeight of the 49 patients received tPA, of whom 5 developed PH (2 PH1 and 3 PH2, including 1 with sICH). Clinical characteristics (including hemorrhage rates) were comparable between the patients with FLAIR imaging and the remainder of the cohort ( table 1 ) .
Prevalence of FLAIR Hyperintensity
FLAIR hyperintensity within the infarct occurred in 48/49 (98%) patients, and was obvious in 18/49 (37%) and subtle in 30/49 (61%). Inter-rater agreement for classifying subtle versus obvious FLAIR hyperintensity was good (92%, = 0.82). The prevalence of obvious FLAIR hyperintensity did not differ significantly between the 3-4.5 h and 4.5-6 h time periods (40 vs. 33%, p = 0.77). Visually obvious FLAIR hyperintensity was associated with larger FLAIR lesions (median 17 vs. 2 ml, p ! 0.001), DWI lesions (median 34 vs. 11 ml, p = 0.03), and slightly increased FLAIR RSI (RSI, median 1.12 vs. 1.09, p = 0.007).
Predicting Hemorrhagic Transformation PH was poorly predicted by obvious FLAIR hyperintensity. PH occurred in 2/18 (11%) patients with obvious hyperintensity versus 3/31 (9.7%) patients with no or subtle hyperintensity. The sensitivity of obvious hyperintensity was therefore 40%, specificity 64% and positive predictive value 11%. In univariate binary logistic regression for prediction of PH, age, baseline NIHSS, baseline DWI lesion volume and VLCBV were significant predictors but FLAIR RSI or volume were not ( table 2 ). The 95% confidence interval for the odds ratio (OR) indicated that the risk of PH incurred by a 0.1 increase in RSI was up to 1.4 -a relatively small effect size given the range of RSI measurements using this technique (1.0-1.2). Univariate ordinal logistic regression produced the same pattern of results (not shown). In multivariate ordinal logistic re- gression for hemorrhage grade, VLCBV (p = 0.002) and DWI infarct volume (p = 0.003) each remained significant after adjustment for age and baseline NIHSS but FLAIR lesion volume (p = 0.66) and RSI (p = 0.35) were not. VLCBV and DWI were also significant predictors of PH in the 38 patients who received tPA.
Discussion
This study has demonstrated the almost universal presence of FLAIR hyperintensity beyond 3 h from stroke onset. This implies that many patients within the currently accepted 4.5-h thrombolytic treatment window [13] have hyperintense FLAIR lesions within the acute infarct. It is therefore difficult to justify using the presence of ischemic lesions on FLAIR imaging to exclude patients from thrombolytic therapy when onset time is uncertain. Although the degree of FLAIR hyperintensity might imply more severe ischemia, this did not translate to an increased risk of hemorrhage in this study. Recent studies have shown that FLAIR hyperintensity does not influence clinical response to tPA [14] and that DWI lesion reversal is uncommon [15, 16] . The results of the present study, taken in conjunction with these earlier findings, raise questions about the clinical utility of acute FLAIR imaging.
The prevalence of FLAIR hyperintensity was higher in this study than the previously reported 65-93% of patients in studies where DWI was used as a reference [1, 6] . Our data, consistent with those previous reports, showed that visual detection of FLAIR hyperintensity is more likely in larger infarcts. The larger DWI lesions in this study are probably responsible for the observed difference in prevalence.
The severity (qualitative or quantitative) of FLAIR hyperintensity did not predict hemorrhage risk in the 3-6 h treatment window. This contrasts with an earlier study in which patients were imaged at 0-6 h after symptom onset [7] . The prevalence of visually evident FLAIR hyperintensity in that study was 30%, although the precise definition of hyperintensity was not specified and patients with large FLAIR lesions matching the diffusion lesion were excluded from the study. This difference in apparent hemorrhage risk may reflect the proportion of 0-3 h patients in the earlier study. Before 3 h, FLAIR is more frequently negative [1] . It is possible that the development of obvious FLAIR hyperintensity within 3 h may represent more intense ischemia and greater risk of HT in this early subset of patients.
The main limitation of our study is the relatively small sample size. Despite this, both DWI lesion volume and VLCBV remained significant predictors of hemorrhage. We cannot exclude the possibility that FLAIR hyperintensity has some predictive utility for HT in acute stroke, however there are clearly more potent imaging parameters readily available in clinical practice.
The high prevalence of acute FLAIR hyperintensity within the infarct raises the issue of how well these changes can be distinguished from chronic hyperintensities due to leukoaraiosis. The lower signal intensity of acute changes and morphology matching the DWI lesion generally allow differentiation unless there is major confluent leukoaraiosis where distinguishing these two processes is not possible. We excluded the single patient with confluent leukoaraiosis in the infarct region from this analysis. Nonetheless it remains possible that our attempts to manually exclude leukoaraiosis from the RSI calculation were incompletely successful. This is, however, a further argument against the utility of this technique for predicting treatment response in clinical practice.
Some centers currently use FLAIR hyperintensity as an exclusion from thrombolysis when treating outside the conventional time window. Our findings question whether this may result in unnecessary exclusion of patients who could benefit from treatment. Larger studies are required to clarify what implications FLAIR positive lesions have for patient selection.
